Skeletal muscle weight loss is accompanied by small fiber size and low protein content. Alphaketoglutarate (AKG) participates in protein and nitrogen metabolism. The effect of AKG on skeletal muscle hypertrophy has not yet been tested, and its underlying mechanism is yet to be determined. In this study, we demonstrated that AKG (2%) increased the gastrocnemius muscle weight and fiber diameter in mice. Our in vitro study also confirmed that AKG dose increased protein synthesis in C2C12 myotubes, which could be effectively blocked by the antagonists of Akt and mTOR. The effects of AKG on skeletal muscle protein synthesis were independent of glutamate, its metabolite. We tested the expression of GPR91 and GPR99. The result demonstrated that C2C12 cells expressed GPR91, which could be upregulated by AKG. GPR91 knockdown abolished the effect of AKG on protein synthesis but failed to inhibit protein degradation. These findings demonstrated that AKG promoted skeletal muscle hypertrophy via Akt/mTOR signaling pathway. In addition, GPR91 might be partially attributed to AKG-induced skeletal muscle protein synthesis.
Skeletal muscle, which is the most abundant tissue in the body of mammals, has a wide variety of important functions 1 . Skeletal muscle mass is determined by the dynamic balance between protein synthesis and degradation 2, 3 . The protein synthesis of skeletal muscle has been proven to be affected by different nutritional and physiological factors, such as amino acids 4, 5 , glucose 6 , exercise 7 , insulin-like growth factor-1 (IGF-I), and insulin 8 . Notably, the mammalian target of rapamycin (mTOR) plays a critical role in promoting the protein synthesis of skeletal muscle 9 , which is mediated by its downstream P70S6K1, S6, and 4E-BP1 [10] [11] [12] [13] . The activation of forkhead box O (FoxO) transcriptional protein family members FoxO1 and FoxO3a induce the degradation of protein by increasing the expression of MuRF1 and MAFbx 14, 15 . Alpha-ketoglutarate (AKG) is a crucial intermediate in the tricarboxylic acid (TCA) cycle and is also a product of glutamine deamination (glutaminolysis) [16] [17] [18] . The mTOR directly senses the intracellular content of key amino acids, such as glutamine and leucine, in potentiate protein synthesis 19 . However, limited studies have been conducted on the role of AKG in skeletal muscle hypertrophy. Yao et al. reported AKG-enhanced protein synthesis in intestinal porcine epithelial cells 20 . AKG was believed to mediate the function of amino acid in active mTOR in Hela cells 16 . These findings led to the hypothesis that AKG might benefit skeletal muscle protein synthesis and promote muscle hypertrophy.
Two membrane proteins, namely, the G protein-coupled receptors (GPR) 91 and GPR99, were identified to sense some intermediates in tricarboxylic acid and mediate the adaptation of different energy metabolism statuses 21 . GPR99 was considered a typical receptor for AKG 22 , whereas GPR91 responded to succinate 23, 24 . Given that AKG is a dicarboxylic acid similar to succinate, GPR91 and GPR99 could sense extracellular AKG concentration 21 . However, whether GPR91/99 is required for AKG modulated skeletal muscle protein synthesis has not yet been tested. Thus, the main purpose of this paper is to explore the role of AKG in regulating protein synthesis in skeletal muscle and to determine a potential signaling pathway. AKG could dose-dependently induce skeletal muscle hypertrophy and enhance protein synthesis via the Akt/mTOR signaling pathway. Our observation indicates that GPR91 is involved in AKG-facilitated protein synthesis. However, we should emphasize that the effects of AKG on skeletal muscle protein synthesis were independent of glutamate. Our results represent the first identification of AKG in promoting skeletal muscle hypertrophy and highlight the bioactive and nutritional value of ketonic acids.
Results
AKG-promoted skeletal muscle hypertrophy in C57BL6/J mice. To test the effect of AKG on skeletal muscle hypertrophy, C57BL6/J mice were treated with 1% and 2% AKG via drinking water. Compared with the control, serum AKG level was largely elevated in the 2% AKG group (Fig. 1a) ; this group also had higher daily body weight gain than the control group (Fig. 1b) . In addition, 2% AKG administration reduced the abdominal fat of mice and enhanced the gastrocnemius muscle weight (Fig. 1c ) and fiber size (Fig. 1d ) of mice compared with the control. The liver index remained unchanged. Notably, the expression of two protein degradation genes, 4E-BP1 and MAFbx, in gastrocnemius tissue were significantly reduced (Fig. 1e,f) . By contrast, the phosphorylation of Akt, mTOR, and S6 increased (Fig. 1f) after 2% AKG treatment. Immunocytochemistry (IHC) data illustrated the AKG-enhanced phosphor-S6 levels in gastrocnemius tissue (Fig. 1g) . These findings suggest that AKG promotes skeletal muscle hypertrophy, which is probably caused by enhanced protein synthesis and reduced protein degradation.
AKG increased the protein synthesis of C2C12 myotubes. As expected, our further in vitro study also confirmed that AKG (0.5 and 2 mM) could dose-dependently increase cellular protein levels and the puromycin incorporation of C2C12 myotubes (Fig. 2a,b) . In addition, both 0.5 and 2 mM AKG could significantly increase the expression of MyHC and promote the phosphorylation of mTOR, S6, 4E-BP1, and eIF4E while inhibiting that of eIF2 α (Fig. 2c) . IHC data also displayed that both the MHCII and the phosphorylation of S6 positive myotubes were clearly increased when exposed to AKG (Fig. 2d) . These results support the hypothesis that AKG promotes protein translation and synthesis in C2C12 myotubes.
Effects of AKG on protein synthesis were not mediated by its metabolite. Glutamate is the main metabolite of AKG. To determine whether glutamate is required for AKG-induced protein synthesis, C2C12 myotubes were exposed to AKG or glutamate. Consistent with early observation, AKG increased cellular protein synthesis (Fig. 3a) and the phosphorylation level of mTOR, S6, and 4E-BP-1 but decreased the level of eIF2α (Fig. 3b,c) . However, glutamate did not affect the protein synthesis of C2C12 myotubes and S6 et al. These findings indicate that AKG has a direct effect on protein synthesis, which is independent from its metabolite.
AKG promoted C2C12 cells protein synthesis through mTOR signaling pathway. The mTOR signaling pathway is crucial for protein synthesis. In this study, we observed that the phosphorylation level of mTOR, P70S6K1, S6, 4E-BP1, and eIF4E increased in C2C12 myotubes when exposed to 2 mM AKG for 1, 2, and 4 h (Fig. 4a ). To test whether mTOR pathway is involved in-AKG induced protein synthesis, C2C12 myotubes were co-treated with AKG and the specific inhibitor of mTOR (rapamycin). Results showed that rapamycin potently abolished the effects of AKG on cellular protein content (Fig. 4b ), protein synthesis (Fig. 4c) , and phosphorylation of mTOR, S6, and 4E-BP1 (Fig. 4d ). These data suggest the essential role of the mTOR signaling pathway in AKG-induced C2C12 cells protein synthesis.
Akt-mediated AKG in active mTOR signaling pathway. The mTOR integrates diverse hormones and energy status signals via PI3K/Akt 25, 26 or directly senses intracellular amino acids concentration 27 . To determine whether Akt mediates AKG actions on mTOR activation, C2C12 myotubes were subjected to AKG alone or co-treated with PI3K/Akt inhibitor (LY294002). Notably, the phosphorylation of Akt, FoxO1, and FoxO3a was significantly increased by AKG at 1, 2, and 4 h. Similarly, the protein level of 2 FoxO downstream protein, namely, MuRF1 and MAFbx, also decreased (Fig. 5a ). The effects of AKG on protein synthesis (Fig. 5b) , Akt/FoxO1 (Fig. 5c) , and mTOR/S6 (Fig. 5d) were effectively blocked by LY294002. These observations demonstrate that Akt is involved in AKG-induced mTOR activation and protein deposition.
The role of GPR91 and GPR99 in AKG-induced protein deposition of C2C12 cells. GPR91 and GPR99 senses the intermediate in the tricarboxylic acid cycle 21 . We first checked the mRNA expression of these two receptors in C2C12 myotubes and found that GPR99 mRNA is too minimal to be detected (Fig. 6a ). By contrast, C2C12 myotubes highly expressed GPR91 (Fig. 6a ), which could be further up-regulated by AKG (Fig. 6b ). This observation raises the possibility that GPR91 might be involved in AKG-induced protein synthesis. To determine whether GPR91 mediated the role of AKG in protein deposition, C2C12 myoblasts were transferred with GPR91 siRNA to knock down its gene expression. The effect of AKG on protein deposition was partially attenuated by GPR91 knockdown (Fig. 6c) . Moreover, the activation of mTOR and S6 and the inactivation of 4E-BP1 by AKG disappeared in GPR91 knockdown cells (Fig. 6d) . By contrast, GPR91 knockdown failed to abolish the effects of AKG on the mRNA expression of MuRF1 and MAFbx (Fig. 6e) . This paradoxical evidence suggests that GPR91 might be involved in the AKG-induced increase of protein synthesis but not in the inhibition of protein degradation.
AKG enhanced protein synthesis in the skeletal muscle of mice. To further verify the effects of AKG on protein synthesis in skeletal muscle, mice were injected with 0.6 g/kg AKG for 1h and 3 h, respectively. Although the differences is not statistically significant, we also find AKG had a tendency to increase the protein synthesis (puromycin incorporation, P = 0.058) (Fig. 7a) and increased the expression of MyHC but decreased that of MuRF1 and MAFbx in gastrocnemius muscle (Fig. 7d) . Similarly, we observed that AKG activated S6 and eIF2 α , and inactivated FoxO1 and 4E-BP1 in the gastrocnemius muscle (Fig. 7b,c) . Further, the phosphorylation levels of Akt and mTOR were significantly elevated 1 h after AKG injection (Fig. 7e) , which disappeared 3 h after injection (Fig. 7b,c) . 
Discussion
In this study, we first identified the novel role of AKG in skeletal muscle hypertrophy. Skeletal muscle is the largest plastic organ in the body 28, 29 . The size of skeletal muscle fiber is influenced by different physiological status, such as mechanical stress 30 , physical activity 31 , availability of nutrients, and growth factors 32 . Excessive loss of muscle mass is associated with an imbalance between protein synthesis and protein degradation 33, 34 . Nutritional therapy is one of the most convenient and effective methods to increase skeletal muscle mass. Thus, our results suggest that the oral administration of AKG significantly increased the weight of gastrocnemius muscle in C57BL6/J mice, which was attributed to a large fiber size.
Generally, muscle hypertrophy is related to high protein synthesis and low protein degradation. As an enriched α -keto acids, AKG is involved in the nitrogen and protein metabolism of humans and other animals 35 . Ornithine AKG-reduced nitrogen losses in rats fed on a nitrogen-free diet have been reported 36 . Some clinical data also demonstrated AKG-preserved protein synthesis and free glutamine after surgery 37 . Moreover, 2 mM AKG increased protein synthesis by 50% in IPEC-J2 cells 20 . We further identified the novel role of AKG in skeletal muscle hypertrophy. S6 and 4E-BP1 are two mTOR downstream signaling moleculars that play key roles in protein synthesis 38, 39 . Thus, the increased phosphorylation level of S6 and 4E-BP1 indicates the acceleration of protein translation. These results indicated that AKG promoted the protein synthesis of skeletal muscle.
Identifying the underlying mechanism of a nutrient is a complicated process because most of nutrients are metabolized to their subsequent metabolites. The same is true for AKG, which generates glutamate by glutamate synthase 9, 40 . The present study showed that AKG significantly increased the MHCII expression and protein synthesis of C2C12 myotubes. Accordingly, the phosphorylation of mTOR, S6, 4E-BP1, and eIF4E was increased by AKG treatment. However, glutamate could not mimic the effects of AKG in the protein synthesis of C2C12 myotubes. Previous evidence suggests that glutamate plays a key function in nitrogen assimilation, amino acid biosynthesis, and cofactor production 41 . Moreover, glutamate reportedly enhances mucosal protein synthesis 42 . These data suggested that AKG could directly increase protein synthesis, which is independent of glutamate, its metabolite. The fiber size of skeletal muscle is regulated in coordination by several signaling pathways, such as AMPK 43 , Akt/mTOR/FoxO 44, 45 , Smad 46 , and IKK/NFκ B 47, 48 . Notably, the Akt/mTOR/FoxO signaling pathway is crucial in protein turnover and muscle hypertrophy 12 . On the one hand, Akt promotes the protein synthesis of skeletal muscle by activating Akt/mTOR and downstream signaling molecules S6 and inactivating 4E-BP1 49 . On the other hand, Akt increases the phosphorylation of FoxO1 and FoxO3a (inactivation), and therefore decreases the expression of two protein degradation-associated protein, namely, MuRF1 and MAFbx [50] [51] [52] . Previous studies reported that AKG increased the phosphorylation level of Akt and its downstream molecule to improve cell fate in HEK293 cells during metabolic stress 53 . In the present study, we demonstrated that AKG activated the Akt/ mTOR pathway and inactivated the FoxO pathway in C2C12 myotubes. Both the Akt inhibitor (LY294002) and mTOR inhibitor (rapamycin) reversed the effect of AKG on protein deposition in C2C12 myotubes. These findings indicate that AKG increased the protein deposition of skeletal muscle via the Akt/mTOR signaling pathway.
GPR91 and GPR99 sense the intermediates in the tricarboxylic acid cycle. Recently, a study considered GPR99 as a typical receptor for AKG 22, 54, 55 , which led to the hypothesis that AKG-induced skeletal hypertrophy might be mediated by GPR99. However, the mRNA expression of GPR99 is too minimal to be detected by qPCR, which is consistent with previous reports 23 . Unexpectedly, GPR91 is highly expressed in C2C12 myotubes. In addition, the gene expression of GPR91 was up-regulated by AKG treatment. GPR91 activation couples to a Gi/Go pathway. Nevertheless, AKG weakly inhibited the forskolin-stimulated cAMP production in 293-hGPR91 cells 21 ; this finding suggests that GPR91 could sense extracellular AKG. Our data demonstrated that GPR91 knockdown partially attenuated AKG-induced protein synthesis. Therefore, future studies should further identify the receptor that mediates the effect of AKG on skeletal muscle hypertrophy.
In summary, AKG promotes skeletal muscle protein synthesis and inhibits the degradation mediated by the Akt/mTOR pathway. GPR91 might be partially attributed to AKG-induced skeletal muscle protein synthesis. These data suggest the promising application of AKG in maintaining protein turnover balance in skeletal muscle and treating muscle atrophy. were randomly divided into three groups (n = 10). Different concentrations of AKG (0%, 1%, and 2%) were supplemented by drinking water for 9 weeks. Body weight was checked weekly. At the end of the experiment, all mice were sacrificed to analyze their body composition and to collect blood samples and gastrocnemius tissue for further testing. In the acute experiment, 40 3-week-old mice were divided into four groups (n = 10) and injected by intraperitoneal with saline and 0.6 g/kg of AKG (Sigma) for 1 and 3 h, respectively. The animals were sacrificed 1 and 3 h post injection to collect gastrocnemius samples. The samples were stored at − 80 °C for further qPCR and Western blot analysis.
Materials and Methods

Animals
Cell culture. Murine skeletal muscle cell line C2C12 was cultured in high glucose DMEM (GIBCO, Grand Island, NY, USA), supplemented with 10% fetal bovine serum (FBS; GIBCO), 100000 units/L of penicillin sodium, and 100 mg/L of streptomycin sulfate (GIBCO) at 37 °C in a humidified atmosphere that contained 5% CO 2 . The C2C12 myoblasts were induced differently to myotubes by a medium that contained high glucose DMEM and 2% horse serum (HS; GIBCO) for 6 days.
Akt/mTOR pathway inhibition. To identify the underlying mechanisms of AKG on protein synthesis, C2C12 myotubes were co-treated with AKG with the Akt inhibitor 5μ M LY29004 (Beyotime Biotechnology, Total protein content. C2C12 myotubes were treated with 0.5 and 2 mM AKG for 48 h. Cells were washed twice with cold PBS and lysed using 200 μ L radio immunoprecipitation assay (RIPA) lysis buffer that contained 1 mM PMSF and protein phosphatase inhibitor complex (Biosino Bio-Technology and Science Inc., Beijing, China). The total protein of the cell lysate was detected using a commercial kit (Thermo Scientific Technologies, Wilmington, DE, USA) and normalized by DNA content.
Puromycin assay. SUnSET method was used to measure protein synthesis in vitro and in vivo as previously described 56 . For the in vitro study, 10 μ g/ mL puromycin was added to the medium 1 h before C2C12 was collected. For the in vivo study, 100 μ g/ mL puromycin was injected 1 h before muscle tissue collection. The incorporation of puromycin in the total protein was analyzed by Western blot.
Western blot assay. Cells were lysed in RIPA lysis buffer that contained 1 mM PMSF. Total protein concentration was determined using BCA protein assays. After separation on 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis gels, the proteins were transferred to polyvinylidene fluoride (PVDF) membranes and then blocked with 5% (wt/vol) non-fat dry milk in Tris-buffered saline that contained Tween 20 for 2 h at room temperature. The PVDF membranes were then incubated with the indicated antibodies, including rabbit anti-β -actin (Bioss) and mouse puromycin antibody 12D10 (Millipore); or rabbit anti-phospho-mTOR (Ser2481) and mTOR, rabbit anti-phosphor-P70S6K (Thr389) and P70S6K1, rabbit anti-phospho-S6 (Ser235/236) and S6, rabbit anti-phospho-4E-BP1 (Thr37/46) and 4E-BP1, rabbit anti-Akt, rabbit anti-phospho-Akt (Ser473), rabbit anti-phospho-Akt (Thr308;), rabbit anti-eIF4E, rabbit anti-phospho-eIF4E (Ser209), rabbit anti-eIF2α , rabbit anti-phospho-eIF2α (Ser251), rabbit anti-FoxO1, and rabbit anti-phospho-FoxO1 (Ser256) (Cell Signaling Technology, Beverly, MA, USA). The primary antibodies were incubated at 4 °C overnight and followed by the incubations of the appropriate secondary antibody (Bioss) for 1 h at room temperature. Protein expression was measured using a FluorChem M Fluorescent Imaging System (ProteinSimple, Santa Clara, CA, USA) and normalized to β -actin expression.
RNA extraction, reverse transcript, and qPCR. Total RNAs were extracted from C2C12 myotubes and mouse gastrocnemius using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. After treatment with DNase I (Takara Bio Inc., Shiga, Japan), total RNA (2 μ g) was reverse-transcribed to cDNA in a final 20 μ L using M-MLV Reverse Transcriptase (Promega, Madison, WI, USA) and random 9 primer (Takara Bio Inc., Shiga, Japan) according to the manufacturer's instructions. β -actin was used as a candidate housekeeping gene. SYBR Green Real-time PCR Master Mix reagents (Toyobo Co., Ltd., Osaka, Japan) and sense and antisense primers (200 nM for each gene) were used for real-time quantitative polymerase chain reaction (PCR). PCR reactions were performed in an Mx3005p instrument (Stratagene, La Jolla, CA, USA). Some of the primer sequences are presented in Table 1 .
Immunohistochemistry and immunocytochemistry. C57BL6/J mice gastrocnemius was sliced to 10 μ m by using a frozen slicer (LEICA CM 1850, Germany). The sections and C2C12 cells were rinsed 3 times in PBS and washed in 0.3% H 2 O 2 for 30 min then blocked for 1 h at room temperature. Subsequently, the sections were incubated in rabbit anti-phospho-S6 (Ser235/236;) overnight at room temperature. The sections were rinsed 3 times by PBS and incubated in ABC (Vector Laboratories, PK-4000) for 1 h. DAB (Sigma) was used for indirect Table 1 . PCR primer sequences and amplification parameters.
immunoperoxidase staining. Upright microscopes were used to take photographs. Image-Pro Plus software was used for quantifying grayscale. Up to six fields of view were captured from the same location within each gastrocnemius muscle. 600 myofibres were measured per muscle. C2C12 cells were incubated overnight in rabbit anti-phospho-S6 (Ser235/236; CST) and mouse anti-MHCII (abcam) at 4 °C. The next day, the sections were transferred to biotin second antibody (bioworld) for 1 h, and the C2C12 cells were incubated in FITC second antibody (bioss). C2C12 cells were then observed and the fluorescences were quantified using Nikon Eclipse Ti-s microscopy with Nis-Elements BR software (Nikon Instruments, Japan). Up to six fields of view were captured from every groups.
Hematoxylin-Eosin staining. C57BL6/J mice gastrocnemius was sliced to 10 μ m by using a frozen slicer.
Cross-sections were fixed in 4% formaldehyde at room temperature for 20 min and stained with hematoxylin and eosin 57 . The myofibres area was quantified using Image-Pro Plus software analysis. Up to six fields of view were captured from the same location within each gastrocnemius muscle. 600 myofibres were measured per muscle.
Statistical analysis. All data are expressed as means ± standard error of the mean (SEM). Significant differences between the control and the treated group were determined by Student's t test. One-way analysis of variance was used to test the dosage effect of AKG on protein synthesis (SPSS 18.0, Chicago, IL, USA). P < 0.05 represented significant differences.
